Background and aims Rice cultivars bred for fertile soils may not be the best suited to nutrient limited environments. Therefore, rice cultivars suited to sustain productivity in low-fertile soils and their adaptive mechanisms for success need to be identified. Methods Field experiments were conducted in fertile and low-fertile sites for two and five seasons, respectively, using forty four widely grown rice cultivars in Sri Lanka. Growth and tissue nitrogen (N), phosphorus (P) and potassium (K) concentrations were measured. Key results Plant biomass and shoot-N, P and K contents were reduced by 41, 54, 74 and 36% under low soil fertility, respectively, while crop duration was extended by 12 days. Relationships between grain dry weight (DW-g plant
Introduction
Globally, an improvement in the yield potential of rice (Oryza sativa L.) has been reached when nutrient and water supplies are at or above optimum (Peng and Bouman 2007; Lynch 2011) . In order to achieve this target, breeding programs are conducted under optimal nutrient availability (Inthapanya et al. 2000; Atlin et al. 2006) . Even though genotypic variation in nitrogen (N) uptake and efficiency of use in rice have been reported under fertile soil conditions, genetic improvement of nitrogen-use efficiency (NUE-amount of aboveground biomass produced per unit of N taken up-g DW mg −1 N) has not been considered as a high research priority (Fukai et al. 1999; Koutroubas and Ntanos 2003; Peng et al. 2006; Peng and Bouman 2007) . The situation is similar or even weaker for phosphorus (P) and potassium (K) nutrition (Haefele et al. 2004; Lynch 2011; Zörb et al. 2014; Vandamme et al. 2016; Wissuwa et al. 2016) . It is also known that, abundant supply of nutrients lowers their use-efficiency, increases the losses aggravating environmental problems (Sui et al. 2013; Somaweera et al. 2016 ). Due to these reasons improving yield potential of rice and minimising the yield gap while enhancing the efficiency of nutrients use are required (Peng et al. 1999; Horie et al. 2005) .
It has been reported that variability (i.e. coefficient of variance) in grain yield among rice cultivars was higher when nutrient availability was lower than under optimal nutrient supply (Inthapanya et al. 2000) . This may be at least partly due to the greater dependency of growth and grain yield on uptake and utilisation of nutrients at their limited supply from low-fertile soils (i.e. Leibig's low of minimum; the principle developed in agricultural science by Carl Sprengel and later popularised by Justus von Liebig). This can also be due to the variable adaptability of rice cultivars to low-fertile soils (Somaweera et al. 2017b) . Therefore, exploring relationships between grain yield and plant nutritional status has direct relevance to improve the productivity of rice in lowfertile soils than improving productivity in fertile soils. This is also a timely requirement as a majority of rice farmers in many rice growing countries in the world, particularly in Africa and Asia, are resource-limited, including the access to fertilisers, soil fertility and land extent (Inthapanya et al. 2000; Poussin et al. 2003; Wijnhoud et al. 2003; Asai et al. 2009; Saito and Futakuchi 2009; Weerakoon et al. 2011; Haefele et al. 2014; Katsura et al. 2016; Raboin et al. 2016) . The prevalence of poor soil nutritional status in these regions is either due to inherently limited nutrient availability in those soils or imbalance in the use of fertilisers to initially fertile soils (Haefele et al. 2003; Rahman and Parkinson 2007; Weerakoon et al. 2011; Katsura et al. 2016) . Therefore, the yield potential of these soils is lesser, and the gap between potential and actual yields is proportionately higher than those observed in fertile soils (Worou et al. 2013; Rodenburg et al. 2014; Haefele et al. 2016) . Despite these constraints, each country is aiming to improve the annual rice crop productivity in order to ensure food security e.g. Peng et al. (2004) indicated that world rice production must increase by approximately 1% annually to meet the growing demand for food that will result from population growth and economic development. In Sri Lanka yield targets by 2020 and 2030 are 20% and 25% higher, respectively, than the average rice yield obtained by rice farmers in 2011 (Weerakoon et al. 2011) .
In order to sustain rice cultivation in low-fertile soils, cultivars adapted to such environments, with higher grain productivity and efficiency in nutrient accumulation and/or utilisation are needed (Saito and Futakuchi 2009; Mayamulla et al. 2017) . Once these cultivars are identified they can be recommended for low-fertile soils as a short term strategy, and used in future breeding programs as a long term strategy to enhance productivity and ensure sustainability of such systems. Therefore, the objective of this research was to (i) identify important N, P and K related variables in rice to determine grain dry weight (DW) at low-fertile soil condition, (ii) explore the diversity of widely grown Sri Lankan rice cultivars with respect to grain DW and N, P and K nutrition when grown in low-fertile soil, and (iii) compare above (i) and (ii) with the values obtained in fertile soil conditions. We hypothesised that (i) grain DW of rice cultivars is highly related to their efficiency in accumulating N, P and K from low-fertile soils (i.e. higher-shoot contents, accumulation rates, and lower concentrations in seeds), and these relationships become weaker in fertile soils, and (ii) rice cultivars can be classified based on their efficiency in grain DW and nutrient accumulation and this grouping varies between the two soils as their adaptive capacity to low soil fertility differs.
Materials and methods

Experimental methodology
Grains (seeds with the husk) of forty four recommended rice cultivars were obtained from the rice plants grown in low-fertile and fertile soil conditions during the cultivation season from Oct 2013 to Feb 2014 as the planting materials for this study. Other possibility was to use a common source of grains and sow in both lowfertile and fertile fields to eliminate any effect of original seed nutrient content on seedling growth. However, as most of the rice farmers in this region use their previous season grains as the planning material, grains produced from the low-fertile and fertile fields were used as planting material for those respective sites in the present study.
The low-fertile site is maintained at the Rice Research and Development Institute (RRDI) at Bathalagoda, Sri Lanka without application of any form of fertiliser or manure for the past 40 years, where rice was cultivated twice every year. The other experimental site was a neighbouring field, approximately 100 m apart, also used to cultivate rice twice every year, with the application of recommended rates of fertilisers for over a period of 50 years. Soil characteristics of the study sites are given in Table 1 . Soil N, P, K and organic carbon concentrations were higher in the fertilised site than those observed at the unfertilised site.
Field experiments were conducted at the lowfertile field site at the RRDI at Bathalagoda, Sri Lanka in a randomised complete block design (RCBD) with three replicates for five consecutive seasons; April 2014 -Aug 2014 , Oct 2014 -Feb 2015 , April 2015 -Aug 2015 , Oct 2015 -Feb 2016 , and April 2016 -Aug 2016 . During the first and fourth seasons d u p l i c a t e e x p e r i m e n t s w e r e c o n d u c t e d a t neighbouring high-fertile control plots with the application of recommended rates of N, P, and K (see S o m a w e e r a e t a l . 2 0 1 6 f o r t h e f e r t i l i s e r recommondation). In each season prior to crop establishment, the fields were irrigated, ploughed, puddled, levelled and plots were demarcated. Length and width of each block was 27 m and 6 m, respectively, consisting of 44 plots allocated to 44 rice cultivars. During the fifth season, only twenty rice cultivars were selected for evaluation and thus the length of blocks was reduced. Each plot was established as a three line progeny with inter and intra row spacing of 20 cm × 15 cm. In each season after land preparation, cultivars were randomised within each block. One week old seedlings grown on seedling trays in a soilless culture were planted at one seedling per planting hole. No fertilisers were applied to the low-fertile site. Pest and disease incidents were not observed as control methods recommended by the Department of Agriculture were applied. The field was kept submerged/ saturated throughout the experimental period by applying irrigation water at 4-9 day intervals depending on the rainfall and drainage. Nutrient (i.e. N, P and K) concentrations in irrigation water were measured once in each season; at flowering stage of short duration cultivars, using the water collected at the inlet to the field. The average concentrations of N, P and K in irrigation water were 0.17 ± 0.01, 0.06 ± 0.007, 0.92 ± 0.43 mg L −1 . At maturity, grain and straw DW of five plants selected randomly from the centre of each plot were obtained after oven-drying at 60°C for 4 days. The remaining plants in each plot were harvested from the base, grains were separated from straw, dried at 60°C for 4 days, and weighed. Grain DWs from both samples were added to calculate the grain DW per plot and expressed as grain DW per plant. Though the grain yield is presented as kg ha −1 or g plant −1 at 14% moisture content in some instances, oven dried weight is presented here as the grain DW is compared with straw DW and used in calculating shoot (i.e. straw and grain) nutrient contents. All the rice cultivars were established together, and thus the time required for crop maturity and harvesting differed. The sum of grain and straw DW was considered as total shoot DW. Tissue N, P and K concentrations (mg g −1 ) of plants grown in the low-fertile and fertile sites were measured in the first and fourth seasons. Seed (without husk) and straw N concentrations were determined using the Kjeldahl method (Nelson and Sommers 1980) . For the determination of seed and straw P concentrations, approximately 100 mg subsample was digested in nitric/perchloric acid (400°C for 3 h) and analysed using the molybdo-vanado-phosphate method (Kitson and Mellon 1944) . For the analysis of seed and straw K concentration samples were digested in nitric acid and tested using a flame atomic absorption spectrophotometer (GBC model 932AA) (Van Ranst et al. 1999) . Procedures used for the analyses of soil and irrigation water nutritional status are described in Suriyagoda et al. (2017) . Non-exchangeable K (1 M HNO 3 -extractable K (HNO 3 -K)) was determined by boiling 2 g of soil in 20 mL 1 M HNO 3 at 113°C for 25 min (Pratt 1965) . Seed or straw DW of a plant was multiplied with the respective tissue concentrations of N, P or K to estimate the contents of N, P and K in seeds or straw (mg plant −1 ) while the total shoot nutrient content was calculated by adding the seed and straw contents. The ratios of seed N, P or K content to shoot N, P or K content were expressed as nitrogen harvest index (NHI), PHI and KHI, respectively. Nutrient accumulation rates (mg plant −1 day −1 ) in shoots were calculated by dividing shoot N, P or K content of a plant by crop duration. Nitrogen, P and K concentrations in grain husk were not measured and thus were not considered for shoot N, P and K content estimations as the DW of husk was negligible compared to seed and straw DW.
Statistical analyses
Data were analysed using SAS statistical software (SAS 2005) as a four-step process. In the first step grain yield of rice cultivars, from different seasons and sites were analysed as a three factor factorial using PROC MIXED (Table 2 ). Cultivar and site were considered as fixed factors while the season was considered as a random factor. The overall model with the main effects and their interactions was significant (Table 2) . Therefore, subsequent analyses were performed at each site separately, as the second step (i.e. ANOVA for two-factor factorial). Summary of the ANOVA after the second step of analysis for grain DW is given in Table 2 . As the interaction of season × cultivar was not significant at each site, grain DW of rice cultivars across seasons were pooled, and the estimated average grain DW was used for comparison. Similar approach was used for seed N, P and K concentrations. When studying relationships between variables, regression analysis was performed as the third step. Relationships between pair of variables were studied using simple linear regression analysis in SAS using PROC REG. In order to identify variables that are closely related to grain DW (i.e. dependant variable), all studied variables were considered as independent variables in a stepwise regression analysis at each site separately. The selection criteria for entering an independent variable(s) was specified as 0.1 (i.e. SLE), and the selection criteria to retain a variable in the model was specified as 0.05 (i.e. SLS). Multicollinearity was not detected. Ability of an independent variable to explain the variability of a dependant variable was judged by coefficient of determination (R 2 ). Strengths of relationships were studied using PROC CORR in SAS. Partial correlation was also performed at the low-fertile site, when studying the strengths of relationships between grain DW, and seed N, P, K concentrations, shoot N, P and K contents and their accumulation rates, after adjusting for crop duration. When presenting the results statistical significance at α = 0.05 was considered.
In order to identify similarities or dissimilarities among variables and to reduce the dimensionality of data, Principal Component Analysis (PCA) was performed in SAS using PROC PRINCOMP for the two sites separately, as the fourth step. In PCA, variables which are correlated together group (load) into one principal component (PC), and variables explaining different dimensions group in to different PCs. Contribution of a particular variable to a PC was judged at a PC loading of 0.3.
Results
Grain DW of rice cultivars varied in the range of 9.9-23.4 g plant −1 at the fertile site, and 4.7-11.1 g plant −1 at the low-fertile site ( Fig. 1 ) with an average grain DW reduction of 41% from the fertile to low-fertile site (Table 3 ). The lowest (13%) and highest (62%) percentage grain DW reductions were observed for At353 and At308, respectively. There was a significant cultivar × site interaction for grain DW indicating that the best (or worst) performing rice cultivars at the fertile and lowfertile sites are different (Table 2) . Moreover, correlation between grain DWs of rice cultivars at the fertile and low-fertile sites was not significant (r = 0.21, p = 0.12). Rice cultivars Bg454, Bg450 and Bg406 had higher grain DW at the fertile site while the cultivars Bw451, Bg379-2, H4, At362, Ld408, Bg454, Bg380, At402, Bw452, Ld365, At353, Bw453 and Bw400 had higher grain DW at the low-fertile site. When comparing the two sites, mean values of most of the variables were significantly reduced at the lowfertile site than those observed at the fertile site (Table 3) . Exceptions were observed for straw K concentration, NHI, PHI, and crop duration as those increased at the low-fertile site while 1000 seed weight was unchanged. When comparing growth and N, P and K nutrition of rice cultivars, P nutrition was affected the most, i.e., % reductions in grain and straw P concentrations, shoot P content, and P accumulation rate were the highest.
Grain DW of rice cultivars increased with their time required for maturity at both the fertile and low-fertile sites (Fig. 2) . Rice cultivars matured between 83 and 135 days or 103-144 days from establishment at the fertile and low-fertile sites, respectively. Therefore, rice cultivars grown at the low-fertile site required 12 additional days in average to mature (Table 3) . This extended crop duration at the low-fertile site was not due to the extended grain filling period (Table 3 ), but was due to the delay in flowering. Moreover, duration of grain filling period at the low-fertile site was reduced by 2 days (P < 0.05) in comparison to that observed at the fertile site (Table 3) . Grain DW of rice cultivars at the low-fertile site was not related to the delay in maturity of those rice cultivars at the low-fertile site (Fig. 2d) . Similarly, the reduction in grain DW at the low-fertile site was not related to the delay in maturity of those rice cultivars at the low-fertile site (Fig. 2e ).
Significant relationships between N, P and K-concentrations in seeds, contents in shoots, accumulation rates, and grain DW of rice cultivars were observed at both the fertile and low-fertile sites with a few exceptions (Figs. 3, 4 and 5) . With the increase of grain DW plant −1 of rice cultivars, grain N, P and K concentrations decreased significantly at the fertile site while such a reduction was observed only for N at the low-fertile site , respectively) (Figs. 3, 4 and 5). Shoot N, P and K contents of rice cultivars increased significantly with grain DW at both the fertile and low-fertile sites, but with a greater strength at the fertile site than that at the low-fertile site (i.e. R 2 between 0.67-0.7 and 0.49-0.57, respectively). With the increase of grain DW of rice cultivars, shoot N, P and K accumulation rates were also significantly increased at both the fertile and low-fertile sites. However, for N and P, these rates were higher at the fertile site than that observed at the lowfertile site while the rates were similar for K for the two 
Low-fertile site Fertile site Fig. 1 Grain DW of rice cultivars when grown in the fertile and low-fertile sites (mean ± stderr, n = 6 and 15 for fertile and lowfertile sites, respectively). Note: S, M or L along with the cultivar name indicates the maturity class of a rice cultivar, i.e. less than 3.5 months (S), 3.5-4 months (M) or more than 4 months (L) for physiological maturity sites. When comparing shoot N, P and K contents or their accumulations rates, percentage reduction from the fertile to low-fertile site was greater for P (74-77%) > N (55-60%) > K (35-45%), while the reduction of grain concentrations were in the order of P (49%) > K (22%) > N (15%). Rice cultivars with the highest and lowest N, P and K concentrations in seeds, contents in shoots, and accumulation rates in shoots at the fertile and low-fertile sites were different (Table S1 ). At the fertile site, NHI, PHI and KHI ranged between, 0.59-0.86, 0.71-0.94, and 0.26-0.56, respectively, and those at the low-fertile site were 0.63-0.92, 0.69-0.95, and 0.17-0.46, respectively (Fig. S1 ). At the fertile site, NHI, PHI and KHI of rice cultivars were not related to their grain DW.
However at the low-fertile site, NHI and PHI of rice cultivars were positively related to grain DW while KHI had no relationship with grain DW.
According to the stepwise regression results at the fertile site, grain DW of a rice cultivar could be estimated by using shoot N content, seed N concentration, and NHI with a total R 2 of 0.98 (Table 4) . At the low-fertile site, grain DW of a rice cultivar could be estimated by using shoot P content, NHI, seed P concentration, and PHI with a total R 2 of 0.95 (Table 4) . Despite using crop duration as an explanatory variable in the analysis, it was not selected to explain the grain DW. Moreover, partial correlation coefficients of seed N concentration, shoot N, P and K contents and N, P and K accumulation rates with grain DW, after adjusting for crop duration at the low-fertile site, were all significant (i.e. −0.34, 0.43, 0.56, 0.36, 0.36, 0.53 and 0.38, respectively). However, partial correlation coefficients of seed P and K concentrations with grain DW were not significant. When variables studied at the fertile site were used in PCA, the fraction of the total variability explained by the first, second and third PCs were 0.41, 0.24, and 0.12, respectively while at the low-fertile site they were 0.43, 0.16 and 0.12, respectively (Table 5) . Therefore, the first three PCs could explain 0.77 and 0.71 fraction of the total variability of the variables studied at the fertile and low-fertile sites, respectively.
At the fertile site, PC1 was dominated by the variables growth (i.e. grain and straw DW) and shoot K content (Table 5 ). At the low fertile site, PC1 was dominated by the variables growth, shoot N, P and K contents, K accumulation rate, and crop duration. Therefore, growth, N, P and K nutrition and crop duration were strongly (i.e. PC loading greater than 0.3), and positively (i.e. all values are associated with a negative sign) correlated at the low-fertile site (Table S2 ), while such a relationship was found only for shoot K content and growth at the fertile site. At the fertile site, PC2 was dominated by the variables N and P accumulation rates and straw K concentration. Therefore, they explained a different dimension of rice cultivars from DW (i.e. PC1) at the fertile site (Table 5 ). At the low-fertile site PC2 was contributed by straw N and P concentrations, NHI, PHI and N accumulation rates, indicating the strong correlation among those variables (Table S2) to note that, as expected, straw N and P concentrations of rice cultivars were negatively correlated with NHI and PHI, respectively at the low-fertile site. At the fertile site, PC3 was dominated by the variables NHI, PHI, KHI, and straw P concentration while the PC3 at the low-fertile site was dominated by seed P and K concentrations, KHI and P accumulation rate (Table 5) . According to PCA at the fertile site, Bg454, At362, Bg406, Bg450, Bw453, Bg400-1, and Bw452 can be classified as cultivars with longer crop duration, higher grain and straw DW, and higher shoot K content (Fig. 6, Table 5 ) while the cultivars Bg250, At306, Bg300 and Bg272-6B were low yielding, shorter duration, and had lower shoot K content. Moreover, cultivars Bg406, At362, At303, Bg304, and At308 maintained higher N and P accumulation rates, and straw K concentration at the fertile site (Fig. 6, Table 5 ). Relative response of rice cultivars at the low-fertile site differed from that at the fertile site i.e. cultivars; H4, Bg379-2, Bg454, Bw400, At353, Bg380, and Bw453 had higher grain and straw DW, shoot N, P and K contents, K accumulation rate, and longer crop duration (Fig. 7, Table 5 ) while the cultivars Bg250, At306, At308, At303 and Bg305 had low-grain DW, shoot N, P and K contents, and required shorter duration for maturity. Moreover, Bw451, Ld408, Bg369, Bg360 and Bg305 had higher NHI and PHI (i.e. lower straw N and P concentrations) while Bw400, At353, Bg380, Bw453, Bg400-1, At306, At308 and Bg250 had higher straw N and P concentrations (i.e. lower NHI Plant Soil (2019) and PHI), and higher N accumulation rate (Fig. 7 , Table 5 ). Cultivars At306, At308 and Bg250 had lower grain DW and crop duration, but were higher in tissue N and P concentrations.
Discussion
Since the low-fertile field plot has not received fertiliser during the past 40-years, one can assume that N, P and K are all deficient. However, when comparing shoot N, P and K contents or their accumulation rates in the present experiment, percentage reduction from the fertile to lowfertile site was greater for P > N > K (Table 3 and Figs. 3, 4 and 5). Therefore, based on plant tissue nutrient concentrations observed in this study, and optimum or deficiency ranges given in Dobermann and Fairhurst (2000), it appears that P is the most limiting nutrient. It is also reported that N and P were the most limiting among many limiting essential elements in fertiliser omission plots (Fukai et al. 1999; Haefele et al. 2004; Mayamulla et al. 2017) , and high soil K reserves could buffer negative K balances for a long period (Haefele et al. 2004; Rodenburg et al. 2014; Somaweera et al. 2017a ). However, the absence of N limitation to the level of P in the low-fertile site of this experiment is likely an exception. This may be due to the slower growth rate of rice cultivars, and potentially high contribution from biological N-fixation at the low-fertile site. Therefore, deficiencies in this experiment were in the order of P > N > K.
Grain DW and N, P and K accumulation of rice cultivars at the fertile site are strongly related than those at the low-fertile site
The first hypothesis that grain DW of rice cultivars is highly related to their efficiency in accumulating N, P and K from the low-fertile soil (i.e. higher-accumulation rates, shoot contents, and lower concentrations in seeds), and these relationships become weaker at the fertile soil was only partly supported. Nitrogen, P and K shoot contents, and their accumulation rates were positively correlated to grain DW of rice cultivars at the low-fertile site which supported the first hypothesis. Moreover, strengths of those relationships observed at the fertile site were similar to those observed at the low-fertile site which did not support the hypothesis. However, due to the presence of generic positive relationships between N, P and K shoot contents and their accumulation rates with grain DW of rice cultivars, irrespective of the soil fertility status, those variables can be Dobermann and Fairhurst 2000) . Contrary to our hypothesis, stronger negative relationships were observed between seed N, P and K concentrations, and grain DW at the fertile site. The observed reduction in seed N, P and K concentrations with the increase in grain DW of rice cultivars is likely due to the dilution of N, P and K in seeds (Zhang et al. 2007; Liu et al. 2016) . Therefore, our results suggest that seed P and K concentrations do not reflect the grain DW of rice cultivars at low-fertile sites while their contents in shoots are better indicators.
Plant Soil (2019) The two first principal components are plotted with the proportion of variance explained by each component printed next to the axes labels P nutrition plays a vital role in determining grain DW of rice cultivars at low soil fertility.
Step-wise regression conducted at the low-fertile site retained shoot P content (+ve), seed P concentration (−ve), and PHI (+ve) as the P nutrition related variables in the order of 1, 2 and 3 when determining grain DW. Therefore, the ability of a rice cultivar to take up more P and maintain higher PHI (to a lesser extent than taking up of P) are key determinants of higher grain DW. As observed in this study and reported previously, shoot P content is partly determined by higher straw and grain DW, and longer crop duration (Rose et al. 2010; Mayamulla et al. 2017; Somaweera et al. 2017b) . Therefore, high yielding, long duration rice cultivars should have the capacity to produce large root systems to take up more P from soil and store in their tissues for higher PHI. Alternatively, rhizosphere alterations through the changes in-pH, chemical composition, and microbial activities, including symbiosis, may also facilitate greater P uptake by high yielding rice cultivars (Haefele et al. 2004; Horie et al. 2005; Somaweera et al. 2017b) . It is also reported that P is taken up by rice cultivars throughout the crop life cycle (Rose et al. 2010; Somaweera et al. 2016) . Therefore, rice cultivars with longer crop duration may have gained the advantage of taking up and translocating more P to seeds. Due to the greater increase in DW of high yielding rice cultivars, and relatively lower rate of increase in P uptake and PHI, grain P concentration of high yielding rice cultivars was reduced. Despite the understanding of relationships between grain DW and N, P and K nutrition, identification of rice cultivars that are efficient in taking up P from low-fertile soils, and the mechanisms involved in efficient P uptake are needed when selecting donors for breeding programs.
Grouping of rice cultivars differed between the fertile and low-fertile sites Growth of rice cultivars at the low-fertile site was lower and responded differently to that at the fertile site (Fig. 1, Tables 2, S1 ). Therefore, nutrient limitation has greatly and differently influenced the performance of rice cultivars at the low-fertile soil. This was tested in the second hypothesis i.e. rice cultivars can be classified based on their efficiency in grain DW and nutrient accumulations, and this grouping varies between the two sites. Growth and shoot K content correlated highly and contributed negatively to the 1st PC at the fertile site, while growth, shoot N, P and K contents, and crop duration contributed negatively to the 1st PC at the low-fertile site. Therefore, grain DW at the low-fertile site was largely dependent on the capacity of a cultivar to accumulate nutrients and crop duration, which supported the second hypothesis. Moreover, when N and P accumulation rates contributed equally to PC2 at the fertile site, PC2 at the low-fertile site was contributed positively by NHI and PHI, and negatively by straw N and P concentrations and N accumulation rate which also supported the 2nd hypothesis. Therefore, the growth of rice cultivars was more dependent on their N, P and K nutrition at the low-fertile site.
Promising rice cultivars at the fertile and lowfertile sites differed which supported the 2nd hypothesis (Table S1 ). Unlike at the fertile site, success of a rice cultivar at the low-fertile site was greatly dependant on the capacity to accumulate (mg plant
high amounts of N, P and K from nutrient poor soil. Therefore, the selection of rice cultivars to low-fertile fields should be made in their representative environments.
It is important to note that growing rice cultivars which take up more nutrients and reach higher grain DW is expected to deplete soil fertility at a faster rate than using low yielding rice cultivars which take up lesser amount of nutrients from the low-fertile fields, unless soil fertility improvement programs are implemented. Therefore, in the selection of rice cultivars, only considering higher grain DW may have disadvantages in terms of nutrient removal and crop duration. Despite having the highest PHI and NHI, cultivars Bg369, Bg305, and Bg360 had low-medium grain DW at the lowfertile site, potentially due to their lower N and P uptake capacity, which drives PHI and NHI to extremes as they may be more P and N-starved. In contrast the cultivars Bg250, At308 and At306 had the highest straw N and P concentrations as their grain DW, NHI and PHI were lower. Therefore, the cultivar differences observed in acquiring DW, and N, P and K utilisation mechanisms are important in selecting rice cultivars to target environments, and their use in breeding programs.
Flowering delayed, and duration of grain filling shortened at the low-fertile soil Time required for flowering increased and the grain filling duration shortened for all the rice cultivars, at the low-fertile site. Similar results, i.e. between 1 and 4 days delay in flowering, have been reported under low-soil fertility or in the absence of organic matter application in Laos and Thailand (Wonprasaid et al. 1996; Inthapanya et al. 2000) . The exact reason for the delay in flowering at the low-fertile site is not known. However, it is reported that tiller initiation of rice cultivars was delayed under low-P condition (Kekulandara et al. 2017 ). Therefore, it is possible that rice cultivars induce developmental processes such as; initiation of tillering and flowering only when they reach a critical nutrient concentration, content, ratio of nutrients and/or accumulated adequate pre-anthesis photosynthates in their tissues. Reduced grain filling duration at the low-fertile site would be due to the early senescence (reduced leaf area duration) as a result of reduced leaf N concentration (Saito and Futakuchi 2009) . However, as none of these possibilities under low-fertile soil condition have been tested, studies on temporal and spatial nutrient dynamics of rice plants along with their phenology when grown particularly in P limited and unlimited conditions are warranted.
Delay in flowering and longer time required for maturity are not desired characteristics of rice cultivars when grown in low-fertile environments in comparison to those observed at fertile sites, as most of the crop improvement programs in the globe are focused in reducing crop duration to minimise environmental risks such as lack of water availability. Moreover, delay in crop maturity at the low-fertile site in comparison to the fertile site, did not ensure higher grain DW or lower yield loss. Therefore, when aiming to improve the sustainability and productivity of low-fertile rice soils, selection of rice cultivars with higher grain DW and shorter crop duration is required. Under such circumstances differential growth and nutrition responses of rice cultivars should be explored and used in breeding programs to develop rice cultivars with lower crop duration, and higher-efficiency in P and N nutrition and grain yield, particularly for low-P soils. This has a timely importance as fertiliser prizes are increasing and risk of soils becoming nutrient deficient has increased both locally and globally.
Concluding remarks
Rice cultivars that are most suited to sustain productivity in low-fertile soils, and their adaptive mechanisms related to N, P and K nutrition were evaluated. At the lowfertile site no nutrient had been applied for 40 years and our data showed that this resulted in P becoming the most limiting nutrient, followed by N and K. Under such conditions late maturing cultivars produced the highest yields. This poses a dilemma as delayed maturity is unacceptable in rice producing environments that are increasingly water-limited. Moreover, higher grain DW was associated with greater N, P and K removal. However, rice cultivars showed differences in efficiency in producing DW and taking up and utilising nutrients in the low-fertile site. Efforts should thus be increased in identifying breeding lines with shorter crop duration, reduced delay in maturity, higher nutrient uptake and/ or internal utilisation as donors in breeding programs to low-fertile soils with major P limitation.
